Macrolides are one class of the most widely used antibiotic or antifungal drugs in the world [1, 2] . More than 70 kinds of macrolide antibiotics have been identified since erythromycin was first discovered in 1949 [3] . It is also found that they could have potential antiviral properties (concanamycins against herpex simplex virus) [4] as well as immunomodulatory effects (clarithromycin or azithromycin) in asthma disease [5] . Macrolides belong to the polyketide class of natural products that consist of a large macrocyclic lactone ring included at least 12 atoms. For example, erythromycin consists of a 14-member ring [3] , whereas griseoviridin (GV) has a 23-member ring [1] . These differences make more advanced-generation macrolides with improved bioavailability, acid stability, and halflife [6] .
Griseoviridin is a broad-spectrum antibiotic [1] , and widely used as animal feed additives for its strong activity against gram-positive bacteria and low toxicity to pigs and human beings [7] . GV has antibacterial activity to Brachyspira hyodysenteriae which can cause swine dysentery, and the synergistic effect of GV and viridogrisein (VG, also named etamycin) in vitro can be observed [8] . GV and VG were firstly separated from Streptomyces griseus in 1954 [1] , and then the structure of GV was determined by X-ray crystallography soon [9] . The actinomyces 4297, which can produce GV and VG, was isolated from a soil sample taken near Moscow in 1992, and then was classified as Streptomyces albolongus [10] . The synthesis of a nine-member ring heterocyclic component of GV in optically active form was achieved in 2000 [11] . Then Kuligowski reported the synthesis of eight-epoxy GV lactone in 2002 [12] , In 2003, Moreau discovered three different approaches toward the synthesis of the macrocyclic thiolactone core of GV. Intramolecular palladium-catalyzed thiol-coupling and esterification reaction (carboxylate activation) led to the formation of unexpected rearranged products. An intermolecular palladium-catalyzed thiol/vinyl iodide coupling followed by an esterification reaction (alcohol activation) led to the nine-numbered core of GV [13] .
Griseoviridin and VG are a pair of synergistic streptogramin antibiotics from Streptomyces griseoviridis NRRL2427. Bioinformatic analyses revealed that SgvP was a sole cytochrome P450 (CYP) monooxygenase in the GV/VG gene cluster in S. griseoviridis [14] . Inactivation and complementation of sgvP experiments and [1-13 C]-labeled cysteine feeding experiments confirmed that the C-S bond in GV was formed through direct coupling of the free ÀSH group of the side chain of cysteine (Fig. 1) . It was also shown that the tailoring step of C-S bond formation in GV was directly related to antibacterial activity [15] . Herein, we report the recombinant expression and characterization of SgvP from the GV producer S. griseoviridis NRRL2427. We also present the 2.6
A resolution crystal structure of SgvP which is the first structure for a CYP involved in the formation of carbon-sulfur bond during GV biosynthesis. Structural analysis indicated that Pro237 in I-helix of SgvP may play a critical role in dioxygen binding and proton transfer during the catalytic cycle. In addition, three channels were observed in the SgvP crystal structure; channel 3 may be essential for substrate ingress and egress from the active site to the surface of SgvP, while channel 1 and channel 2 may be the solvent and water pathway, respectively.
Materials and methods

Protein expression and purification
The sgvP gene was PCR-amplified and ligated into pGEM-T vector and sequenced for correction. Then, the correct sgvP gene was ligated into pET-28a vector and transformed into Escherichia coli strain BL21 (DE3).
The recombinant strain was incubated in Luria-Bertani (LB) broth with kanamycin (50 lgÁmL
À1
) and induced by isopropyl b-D-1-thiogalactopyranoside (IPTG; 0.1 mM) when the optical density at 600 nm (OD 600 ) reached 0.5. The cultures were obtained by centrifugation and the collected cells were disrupted by cell disruption instrument (Constant System Ltd., Daventry, UK). And the supernatant was collected by centrifugation at 4°C, 13 400 g for 30 min.
The supernatant was subjected to Ni-NTA Resins (GE Healthcare, Beijing, China) pre-equilibrated with buffer containing 20 mM Tris-HCl, pH 8.3, 500 mM KCl and then washed with 20 mM Tris-HCl, pH 8.3, 500 mM KCl, 30 mM imidazole. After elution with 20 mM TrisHCl, pH 8.3, 500 mM KCl, 200 mM imidazole, the Histag was removed with thrombin (1 unit per mg, Sigma, Shanghai, China). The protein was dialyzed with 20 mM Tris-HCl, pH 8.3, 100 mM KCl, and applied to a Superdex 75 column (16/60, GE Healthcare) equilibrated with 20 mM Tris-HCl, pH 8.3, 100 mM KCl. The purified protein was concentrated by 10 K, AmiconÒ Ultra-4 Centrifugal Filter Units before the concentrations were estimated spectrometerically at OD 280 [16] .
UV-visible spectrophotometry
All spectra for SgvP were obtained with an UV-1800PC spectrophotometer (MAPADA, Shanghai, China). The baseline was zeroed between 390 and 700 nm and the UVvisible spectrum of substrate-free enzyme (SgvP, 0.2 mgÁmL À1 in 20 mM Tris-HCl, pH 8.3, 100 mM KCl) was recorded. The protein-imidazole complex was generated by adding imidazole (100 mM) to the enzyme in the same buffer, and spectrum was measured under the same condition. 
CO difference spectra
A solution of enzyme in 20 mM Tris-HCl, pH 8.3, 100 mM KCl was divided between two separate cuvettes (sample and reference). CO gas was bubbled through the sample cuvette for 30 s, and then 2 mg of solid sodium dithionite was added to each cuvette before a difference spectrum was recorded.
Crystallization, data collection, and structure determination
Crystals of SgvP were grown by the sitting drop vapor diffusion method. SgvP (1 lL at 20 mgÁmL
À1
) was mixed with the precipitant solution [0.2 M Potassium sodium tartrate tetrahydrate, 20% w/v Polyethylene glycol (PEG) 3350] on screening plate. The crystals of SgvP appeared after 12 days incubation at 4°C and reached their maximum size 30 days later. Then, 3% (v/v) Dimethyl sulfoxide was added into the protein mixture as additive, and the crystals of SgvP appeared after 7 days incubation at 4°C and reached their maximum size 20 days later, and the maximum size of crystals was much larger than the screening plate. They were soaked in the cryoprotectant containing the precipitant solution and 30% (v/v) ethylene glycol (Sigma) before frozen in liquid nitrogen. Diffraction data were collected at 100 K from SgvP crystal with an ADSC Q315 CCD detector on beam-line BL17U, Shanghai Synchrotron Radiation Facility (SSRF), Shanghai, China. The dataset of SgvP was indexed with XDS package [17, 18] and scaled with Scala [19] . The structure of SgvP was solved by molecular replacement using the program Phaser with the MycG [Protein Data Bank (PDB) ID: 2Y46] as the search model. Auto-model building was performed with Phenix [20] which was followed by the manual model building performed with Coot [21] . Alongside the manual building process, the refinement was done with Phenix.refinement [20] and Refmac5 [22] . The final refinement statistics was produced by Phenix.refinement and shown in Table 1 . The atomic coordinates and the structure factors of SgvP structure were deposited in the PDB (www.rcsb.org) with the accession codes of 4MM0.
Identification of channels in SgvP crystal structures
In order to explore potential access/egress channels in the static crystal structure, the MOLE 2.0 program [23] was used as a plugin in Pymol. Firstly, SgvP crystal structure was loaded in Pymol, then the Fe atom in heme was set as the starting point and the number of channels was set to 20.
Results and discussions
Sequence analysis
The sequences of five CYP enzyme proteins with large cyclic substrates were aligned using CLUSTAL X [24] ( Fig. 2) . SgvP and MycG shared 43% identity, 51% identity with CYP105P1. Although these P450 proteins have high homology to each other, some noticeable differences could be found in the B-C loop and F-G loop regions. As Fig. 2 shows, the F-G loop in SgvP is longer than that in the other four members, but with a shorter B-C loop. This short B-C loop allows the macrolide substrates easy access into and out of the active site. There is a conserved sequence, FxxGxHxCxG, in the cysteine-ligand loop of CYPs. However, the F-position residue is replaced by Leu in SgvP. Leu and Phe residues are both hydrophobic, while the side chain of Leu residue is smaller than that of Phe residue. In addition, Pro237 residue in SgvP substituted the conserved Thr residue of I-helix in most CYP [25] . As Pro237 is in the active site, this Pro237 substitution may be associated with the substrate specific recognition [26, 27] . 
UV-visible spectroscopy
The UV-visible spectroscopic scan of SgvP resulted in a typical low-spin ferric state CYP absorption spectrum within which a Soret band was found at 418.5 nm and the b/a bands were located at 535.0 and 567.5 nm, respectively. In the presence of imidazole, the Soret band moved to 423.5 nm, and b/a bands shifted to 542.5 and 564.0 nm, respectively (Fig. 3A) . These spectrum shifts indicated that the imidazole molecule removed the water molecule associated with the heme group and bound it as the axial ligand. Also, the CO difference spectrum of SgvP showed a prominent peak at 450 nm (Fig. 3B ).
Overall structure of SgvP
The structure of SgvP was solved at 2.6 A resolution by molecular replacement using the program Phaser with the MycG (PDB ID: 2Y46) as the search mode. The statistics of data collection and model refinement were summarized in Table 1 . As expected, SgvP adopted the typical prism-shape structure of CYP which consisted of 12 alpha-helices and 14 beta-strands (Fig. 4) . The heme prosthetic group was sandwiched between I -helix and cysteine-ligand loop. The conserved cysteine residue of Cys-ligand loop was located on one side of the heme plane, and one water molecule was maintained by covalent bond on the other side. When compared with the crystal structures of other P450s using Dali server [28] , SgvP was structurally similar to MycCI, CYP105D7, CYP105A1, P450nor, CYP105P1 and OxyC (Table 2) , and SgvP presented a semiopen conformation.
Active site architecture
A typical feature of CYPs is the helix I, which extends through the protein. This I-helix cleft of CYPs contains a highly conserved threonine (~90%) or serine (~10%) residue [25] . There is a small acidic amino acid residue close to the conserved Thr/Ser residue, such as Glu or Asp, which is essential for oxygen activation [29] . However, this Thr/Ser was replaced by Pro in SgvP (Fig. 7B) . Proline occupied much smaller space than threonine or serine (Fig. 3) . Hence, the Ihelix cleft and the orientation of I-helix were changed (Figs 5, 7B) . The I-helix cleft with this highly conserved Thr/Ser residue had been proposed for a critical role in dioxygen binding and proton transfer during the catalytic cycle [30, 31] . Here, the protein stability may be affected upon site-directed mutagenesis from SgvP structure analyzed by I-MUTANT2.0 [32] . The results showed that the stability of P237S and P237T mutants was decreased. However, the stability of P237A mutant was increased.
Superposition of SgvP and MycG structures showed that the active site of SgvP located in helix F, helix G, helix I, B-C loop, F-G loop, and heme, and the domain stability was maintained by the hydrogen network. In general, the open or close state of active site in CYPs depends on the orientations of helix F, helix G, and B-C loop. These regions are generally able to flexibly swing in order to facilitate the binding between substrate or inhibitor and protein active site [33] [34] [35] . The residues between Arg65 and Thr84 in SgvP belonging to B-C loop were in a loose structure, while the B-C loops in MycG, PikC, CYP105P1, and CYP105A1 were a partial coiled coil, which made the B-C loop in SgvP move away when substrate entering into or out, the increased flexibility may facilitate the transportation of exceptionally large substrate of SgvP. The residues of B-C loop in SgvP were less than MycG, PikC, CYP105P1, and CYP105A1, while the flexibility was improved. Correspondingly, the size of their substrates is smaller than GV.
The stability of B-C loop in SgvP was maintained by the hydrogen network with water molecules. The F-G loop was stabilized by hydrogen network among Leu170/Thr171/Ser384 (Fig. 6) . The F and G helices of SgvP might undergo a further closure of the active site upon substrate binding, as had been observed in some structurally similarity to P450s (Table 2) , such as CYP105A1 in complex with 1a,25-dihydroxyvitamin D3 and CYP105P1 with antifungal macrolide antibiotic filipin I. The orientations of helix F and helix G were in a semiopen state in SgvP crystal structure compared with MycG structure (Fig. 7A) , and the substrate was close to the Pro237 in I-helix (Fig. 7B) .
Substrate-binding pocket and channel analysis
To probe the mechanism of reaction catalyzed by SgvP, the substrate (pre-GV) was used to form complex with SgvP by cocrystallization and soaking. As multiple attempts to crystallize SgvP/pre-GV complex had proved fruitless, substrate molecule (pre-GV) was modeled into the active site of SgvP by LeDock [36] . The modeling result indicated apo SgvP active site could accommodate pre-GV readily (Fig. 7C) . The substrate molecule associated with the active site through hydrogen bonds, and the distance between pre-GV and residues Thr84, Val168, Phe285, Met385 was < 3 A (Fig. 7C) .
Conformational changes are very essential for ligand-channeling in CYPs, and the access channels could guide the substrate directly to the position of the active site [37] . The program MOLE 2.0 [23] was used to find the most accessible channels which were essential for substrate ingress and egress from the active site to the surface of the protein [38] . Three channels were observed in the SgvP crystal structure; channel 1 (colored in green) and channel 2 (colored in blue) were the minor channels that lead between helix-A, helix-B, helix-E, and helix-F, while channel 3 was the largest channel located between helix-B, B-C loop and b6 strand (Fig. 8) . As aromatic residues are located close to the access channels (such as Phe79 and Phe285 in channel 3), they may play a role in recognizing the substrate and help the substrate enter into the active site [39] . Moreover, channel 1 and channel 2 may be the solvent and water pathway, respectively [40] . 
